Chalcogenide glasses in the pseudo-ternary system NaX-GeS 2 -Ga 2 S 3 (X¼ Cl or I) were synthesized. Different series were investigated in order to highlight the influence of the sodium halide addition on two different host glasses (GeS 2 ) 80 (Ga 2 S 3 ) 20 and (GeS 2 ) 72 (Ga 2 S 3 ) 28 . Macroscopic properties including density and characteristic temperatures, such as glass transition temperatures T g and crystallization temperature T x , were determined for a maximum molar content of NaX equal to 15%. The evolution of the optical band-gap and the chemical stability following the composition were also studied. Conductivity measurements were also performed and compared to other Li-based GeS 2 -Ga 2 S 3 glasses. The results were discussed taking into account the cation and anion nature and also the glass packing density.
Influence of NaX (X ¼I or Cl) additions on GeS 2 
Introduction
Chalcogenide glasses based on the GeS 2 -Ga 2 S 3 system are very attractive materials since they have low phonon energy, high refractive index and wide transmission range making them very good candidates in various fields. The structure of these pseudobinary glasses has been widely investigated and literature proposes corner-and edge-shared Ge(Ga)S 4 tetrahedra, ethane-like S 3 Ga-GaS 3 units connected by bridging sulfur, and more recently [Ge(Ga)S 1/3 S 3/p ] 3 , (p ¼2, 3) triclusters [1] [2] [3] . Even this pseudobinary system is already interesting thanks to its intrinsic properties, it is more pleasing because of the large possibility to be doped for optical or conductivity applications. For example, they possess a high solubility of rare-earth ions and consequently they are very promising as host glass matrix in the fluorescence material domain in the near-and mid-infrared regions [4] [5] [6] [7] . Also, the possibility to add alkali halide in this system to extend the visible and infrared transparency range and to affect crystallization behavior by self-nucleating and nucleating agent was also used to promote phase separation and bulk nucleation [8, 9] . Subsequently, reproducible infrared transmitting glass-ceramics with enhanced thermo-mechanical properties were produced [10, 11] . The addition of alkali halide (MX) in germanium gallium sulfide glasses is also very suitable to obtain drastic increase of their ionic conductivity [12] . Indeed, chalcogenide glasses have better potential than the oxide glasses for solid electrolyte applications [13, 14] . Moreover, it has also been proved that partial crystallization can be profitable to enhance the ionic conductivity of the oxide or chalcogenide glasses [15, 16] .
Actually, the main reported works on the conductivity of MX-GeS 2 -Ga 2 S 3 glasses concern MX with M ¼Li þ or Ag þ and X¼I À or Cl À [17, 18] . Surprisingly, although the use of sodium salts (NaX) in the composition of chalcogenide glasses could be a good alternative as solid-state electrolyte in battery [19] , the study of NaX-doped chalcogenide glass system is relatively poor. This paper comes within the scope of preliminary study of sodium doped chalcogenide glasses in optic and conductivity fields. The influence of the included salt NaX (X ¼I À or Cl À ) in two different host glass matrixes based on GeS 2 and Ga 2 S 3 is investigated. Thus, the study of two different series for each of the two halogens will also assess the effect of the GeS 2 /Ga 2 S 3 ratio. Conductivity comparisons with ionic lithium doped GeS 2 -Ga 2 S 3 glasses are also done.
Experimental

Glass preparation
will further be 80GeS 2 -20Ga 2 S 3 and 72GeS 2 -28Ga 2 S 3 , respectively. These components were weighed in glove box under Ar atmosphere in stoichiometric proportions and introduced in a silica ampoule. This ampoule was evacuated (10 À 5 Pa), sealed, and placed in a rocking furnace during 12 h at 850 1C. The quench was operated in water at room temperature. The sample was finally annealed at T g -30 1C for 4 h before being slowly cooled down to room temperature. The rod of 10 mm diameter was then cut into cylindrical or parallelepiped slices and after the polishing step the sample was approximately 1 mm thick. An analogous synthesis procedure with higher temperatures was carried out for lithiumbased glasses.
Thermal and density analyses
The characteristic temperatures, glass transition temperature (T g ) and the crystallization temperature (T x ) corresponding to the onset points, of all these samples were determined with a differential scanning calorimeter (DSC Q20 Thermal Analysis). Glass samples were weighed and sealed in a hermetic aluminum pans. The experiments were performed from room temperature up to 550 1C under nitrogen atmosphere using a heating rate of 10 1C min À 1 .
The measurement of sample density d was performed by a Archimedian method using distilled water as immersion fluid. A Mettler Toledo XS64 balance was used. The sample masses vary between 0.5 g and 1.5 g.
Optical measurements
Optical transmissions of these glasses were measured with a double beam spectrophotometer (Perkin Elmer Lambda 1050) in the visible and near IR ranges. The typical sample thickness was 1.00 mm ( 70.20 mm). The infrared transmission measurements were performed using a Bruker Vector 22 Spectrometer.
Impedance measurements
Total electrical conductivity of the samples showing a sufficient ionic conduction was measured with a Hewlett Packard 4194A impedance meter from room temperature to 473 K corresponding to a temperature below T g for all the glass samples. The impedance measurements were carried out in a frequency range lying from100 Hz to 15 MHz. For the other samples, we used a Hewlett Packard 4339B high resistance meter with a 100V-applied voltage in order to determine the dc conductivity. The glass samples were prepared as discs of 10 mm diameter and 1 mm thickness with two parallel faces. The polished glass discs were then sputter coated with gold on both sides to form blocking electrodes, meaning that the electrochemical cell for conductivity measurements was Au|glass|Au. The temperature dependence on the conductivity was studied over several cycles. Each heating step measurement was followed by a cooling step measurement in order to study a possible hysteresis that was found to be negligible.
Results and discussion
Macroscopic properties
The characteristic temperatures T g and T x of investigated glass samples are given in Table 1 . As shown in Fig. 1a , the decreasing evolution of T g is systematic following the NaX content, whatever is the host glass. In the case of (80GeS 2 -20Ga 2 S 3 ) 100 À x (NaX) x , 0 rxr 15, T g decreases from 442 1C down to 370 1C and 364 1C for NaCl and NaI, respectively. For the other host glass, (72GeS 2 -28Ga 2 S 3 ) 100 À x (NaX) x , 0rxr 15, the decrease is less pronounced since T g decreases from 428 1C down to 383 1C and 382 1C for NaCl and NaI, respectively. This behavior is not surprising since other works in GeS 2 -Ga 2 S 3 based systems have shown a similar trend, notably in the pseudo-ternary GeS 2 -Ga 2 S 3 -CsCl or CsI system [20, 21] . This is traditionally ascribed to the progressive breaking of Ge-S or Ga-S bonds forming Ga(Ge)S 3/2 X À that leads to a decrease of the connectivity of the glass network. Fig. 1a also displays greater NaX dependence for the 80GeS 2 -20Ga 2 S 3 series in comparison with the 72GeS 2 -28Ga 2 S 3 one, meaning that a higher content of Ga 2 S 3 in the host glass composition seems important to keep highest T g . The ΔT parameter, corresponding to the difference between T g and T x is important to evaluate the thermal stability of the glass. Here, whatever the composition, almost all ΔT becomes higher than 100 1C meaning that glass samples are stable. Indeed, their evolution as a function of the NaX content is plotted in Fig. 1b and it is noticed that ΔT increases although T g decreases. The more positive effect of NaI compared to NaCl is also observed since the slope of the ΔT evolution is superior from both host glasses. Besides ΔT, two other parameters based on the characteristic temperatures are regularly explored in order to characterize the glasses. The first one is the so-called Hruby criterion Table 1 Values of selected parameters for the studied glasses including the glass transition temperature T g , the crystallization temperature T x , the density d, and the optical band gap E g . Glass-forming and thermal stability criteria are also given: ΔT ¼T x À T g and a criterion for glass ability against crystallization used to evaluate the glass forming ability [22] . In case of high melting temperatures T m , an alternative criterion H' is also used to estimate the glass forming ability against crystallization, H 0 ¼ ΔT/T g [23] . This last parameter, plotted in Fig. 1c , exhibits similar trend than the ΔT parameter following the NaX content. Finally, H 0 and ΔT values increase following the NaX additions meaning that both thermal stability and glass forming ability are better for the richest NaX-bearing compositions. This can be attributed to the halogenide anions X À that are well known to progressively break the Ge-S or Ga-S bonds and partially form the complex anion Ga(Ge)S 3/2 X À tetrahedral. This structural unit is then assumed to favor the glass formation [24] . The results also point out the more positive effect of the iodide salt comparatively to the chloride one. The evolution of the density exhibited in Fig. 1d is different for sodium chloride-and sodium iodide-bearing glasses. In NaClbased glasses, the density monotonously decreases following the NaCl content whereas in NaI-based glasses it monotonously increases. These contrary behaviors can be ascribed to the relative mean atomic weights of NaCl and NaI compared to the host glass ones. For NaCl it is 29.2 g and for NaI it is 75.0 g, whereas for 80GeS 2 -20Ga 2 S 3 and 72GeS 2 -28Ga 2 S 3 , the relative mean atomic weights are 45.8 g and 45.9 g, respectively.
Optical properties
The addition of NaX in GeS 2 -Ga 2 S 3 based glasses is characterized by a blue-shift of the visible transmission as shown in Fig. 2a for the selected compositions (72GeS 2 -28Ga 2 S 3 ) 100 À x (NaX) x , with X¼I or Cl and 5rxr15. A photograph of two different glasses after polishing are also given; the parallelepiped and tablet samples correspond to the composition (72GeS 2 -28Ga 2 S 3 ) 90 (NaI) 10 and (72GeS 2 -28Ga 2 S 3 ) 90 (NaCl) 10 , respectively. In Fig. 2b , the evolution of the optical band gap E g for the four investigated series are plotted. As first observation, we can notice that E g grows up whatever the sodium halogenide added in the host glass. The second observation is the lower increase of E g when the sodium iodide is added instead of the sodium chloride. From the (80GeS 2 -20Ga 2 S 3 ) host glass E g evolves from 0.05 eV and 0.19 eV by adding up to 15 mol% of NaI and NaCl, respectively, and from the (72GeS 2 -28Ga 2 S 3 ) host glass E g progresses from 0.12 eV and 0.27 eV in similar conditions. These general behaviors are often observed when halogen is introduced in the composition of a chalcogenide glasses [20] . As already mentioned, the introduction of chlorine or iodine is supposed to progressively break the Ge-S or Ga-S to form Ga(Ge)S 4À y X y tetrahedral units. In other words, the average number Fig. 1 . Evolution of thermal and density parameters as a function of the NaX content x, 0r x r15, with X ¼ Cl or I: (a) the glass transition temperature T g , (b) the difference between T g and T x , ΔT, corresponding to the crystallization temperature, (c) the criterion H 0 relative to the stability of the glass against crystallization, and (d) the density.
of Ge-S and Ga-S bonds is lower and the Ge-Cl or Ge-I ones is increased. In Pauling scale, the electronegativity of Ga, Ge, S, Cl, and I are 1.81, 2.01, 2.58, 3.16, and 2.66, respectively. So, the electronegativity difference of the Ga-S is 0.77 and Ge-S is 0.57 whereas for Ga-Cl it is 1.35, Ge-Cl it is 1.15, Ga-I it is 0.85, and Ge-I it is 0.65. Consequently, the average electronegativity of the material grows up if Cl À or I À anions are added in the composition of the glasses leading to a low wavelength-shift of E g [25] . This explanation is supported by the lower white-shift of the NaI based samples comparatively to the NaCl ones.
Resistance to humidity
Alkali halide compounds are well known to be poorly resistant towards humidity. To evaluate the effect of the progressive addition of NaX in the host glasses it is possible to observe the evolution of the water absorption band located around 6.23 μm as the function of the time. The first infrared transmission measurement was implemented just after polishing in ethanol. Fig. 3 emphasizes its increasing evolution for the particular glass sample (72GeS 2 -28Ga 2 S 3 ) 85 (NaI) 15 after 0 h, 24 h, 72 h, 120 h, 192 h, and 264 h without any additional polishing. Analogous study was carried out for other glasses ((72GeS 2 -28Ga 2 S 3 ) 100 À x (NaX) x glasses, with X¼ I or Cl and 5 rx r15) and Fig. 4 exhibits the evolution of their H 2 O band intensity. It is clearly observed that the increasing intensity is more pronounced in the case of NaI based glasses. No surprisingly, as observed in Fig. 4 , this growing evolution is more important for the high content in NaX. One can also observe that the intensity is growing up for all samples and that this increase is more important in the first hours. This is consistent with a corrosion of the samples majority, indeed exclusively, at their surfaces, already observed for other chalcogenide glasses in more drastic conditions [26] . The corrosion mechanism is probably due to the ion exchange between halide ions and hydroxyl ions OH À that occurs at the glass surface. Since iodine is less electronegative than chlorine the substitution between I À and OH À anions is easier than between Cl À and OH À anions at the glass surface, meaning that the stability against humidity is less in case of NaI-bearing glasses compared to NaClbearing glasses.
Electrical conductivity
Complex impedance plots of the (80GeS 2 -20Ga 2 S 3 ) 90 (NaCl) 10 glasses at different temperatures is shown in Fig. 5a as typical example. In Fig. 5b, other plots recorded at 100 1C are shown. They correspond to glass samples containing 10 mol% of NaCl or LiI in 80GeS 2 -20Ga 2 S 3 or 72GeS 2 -28Ga 2 S 3 . Fig. 5a exhibits an expected trend as a function of the temperature. Whatever the temperature, we can observe the typical spectrum of an ionic conductor, which consisted in a high-frequency semi-circle and a low-frequency tail. This low-frequency polarization characterizes the difficulties of the charge transfer at the Au/Glass interface of the electrochemical cell. This phenomenon seems to be more pronounced for Li-based glasses compared to the Na-based ones.
The linear temperature dependence on the conductivity σ for selected glasses is exhibited in Fig. 6 . All data obey the Arrhenius law (a) Visible transmission spectra of (72GeS 2 -28Ga 2 S 3 ) 100 À x (NaX) x glasses, with X ¼I or Cl and 5r xr 15. The photograph is focusing on the parallelepiped and tablet glass samples corresponding to the specific composition (72GeS 2 -28Ga 2 S 3 ) 90 (NaI) 10 and (72GeS 2 -28Ga 2 S 3 ) 90 (NaCl) 10 , respectively. (b) Evolution of the optical band gap of the four series (72GeS 2 -28Ga 2 S 3 ) 100 À x (NaX) x and (80GeS 2 -20Ga 2 S 3 ) 100 À x (NaX) x glasses, with X¼ I or Cl and 5 r xr 15. where σ 0 is the pre-exponential factor, E σ is the activation energy, k is the Boltzmann constant and T is the temperature. E σ , σ 0 , and the room-temperature conductivity σ 298 were obtained by fitting the conductivity to the Arrhenius equation and are listed in Table 2 . The investigated glasses over the limited composition range show a few changes in the room-temperature conductivity σ 298 . The σ 298 increases with mobile cation concentration from 3.9 Â 10 À 8 S cm
(NaI-doped glass, 2.9 at% Na) to 1.8 Â 10
5.7 at% Li) while the mobile cation content is doubled (Fig. 7) . The conductivity activation energy varies weakly between 0.53 and 0.58 eV. Our results agree reasonably well with the published conductivity data on similar glassy systems [16, 24, 27] As expected, Li þ ion conducting glasses show a better ionic transport at comparable cation concentration x of E3 at%. Nevertheless, at higher x both Li þ and Na þ glassy systems seem to have similar conductivity parameters. We did not observe either a pronounced positive effect of large polarizable iodine anion on the ionic transport properties in the MX-Ga 2 S 3 -GeS 2 glasses over the investigated composition range in marked contrast to other chalcohalide glassy systems [28] [29] [30] . In addition, the lithium sulfide vitreous alloy also shows a higher conductivity at 298 K compared to LiCl-, LiI-, NaCl-and NaI-containing glasses (Fig. 7) . The influence of the glass matrix composition, in other words, the GeS 2 /Ga 2 S 3 ratio is found to be weakly significant compared to the effect of the cation. Indeed, for the three investigated salt MX (NaI, NaCl, and LiI) one can see a higher conductivity for the 80/20 ratio comparatively to the 72/28 ratio. This observation is consistent with a future study in which this trend is confirmed by investigating other GeS 2 /Ga 2 S 3 ratios [31] . In order to solve the observed puzzle, further conductivity measurements over extended composition range are needed and especially the advanced structural studies. However, in current situation, we can ask whether the relative insensitivity of the glass ionic conductivity to the chemical form of ionic dopant (MI, MCl or M 2 S) is related to the glass packing density ρ [32, 33] . This empiric structural parameter is a ratio between the average atomic volume of the glass constituents V 0 a , calculated using glass stoichiometry and ionic radii, and the average glass atomic volume V a derived from glass stoichiometry and density 
where c i is the atomic fraction of the element i, M i and r i are the respective atomic mass and Shannon ionic radius, N A the Avogadro constant. The high glass packing density ρ-1 means the absence of free space for atomic motion similar to negative effect of highpressure on the ionic transport [34, 35] . The opposite case, low ρ, is favorable for fast ionic mobility. Large cationic (Pb, Hg, etc.) and anionic (I, Te, etc.) species are suggested to increase the ionic conductivity via the increasing available free volume [36, 37] . The calculated glass packing densities for the investigated glasses are shown in Fig. 8 . Surprisingly, neither lithium nor sodium iodides do significantly increase the available free volume (1 À ρ) in the glass, thus explaining the relative insensitivity of the chemical doping form (MCl vs. MI) on the Li þ or Na þ ionic conductivity in the MX-Ga 2 S 3 -GeS 2 glasses over limited composition range.
Conclusion
Glass samples in the NaX-GeS 2 -Ga 3 S 2 system, with X¼Cl or I have been prepared. Whatever is the halide, the increment of the NaX molar percentage leads to a similar trend for thermal characteristics. A decrease of the glass transition temperature and an increase of both glass-forming ability and thermal stability have been emphasized. At contrary, density shows reverse behaviors, which has been attributed to the mass of the sodium halide. The temperature dependence of the conductivity, which has to be considered as ionic, follows an Arrhenius type equation for all investigated glasses. The relative low effect of the chemical doping form (MCl vs. MI) on the ionic conductivity coming from the mobility of the Na þ or Li þ cations has been discussed following a hypothesis based on the glass packing density. 10 (black symbol). The reported data corresponding to mean conductivity at 298 K [23, 26] for the NaClGa 2 S 3 -GeS 2 (blue line) and LiCl-Ga 2 S 3 -GeS 2 (light brown line) glassy systems are also shown for comparison. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) with MX ¼NaCl (red) or NaI (blue) or LiI (light gray), (ii) (72GeS 2 -28Ga 2 S 3 ) 90 À (MX) 10 (full symbols) with MX¼ NaCl (red) or NaI (blue) or LiI (light gray). The reported glass packing density ρ [26] for the LiCl-Ga 2 S 3 -GeS 2 (green line) is also shown for comparison. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
